The miscibility and crystallization kinetics of the blends of poly(-caprolactone) (PCL) and bezoxazine (B-m) resin was investigated by differential scanning calorimetry (DSC) and polarized optical microscopy (POM). It was found that PCL/B-m blends were miscible in the melt. Thus the blend exhibited a single glass transition temperature (T g ), which increased with increasing B-m composition and the crystal equilibrium temperature (T m o ) depressed with the addition of B-m from the Hoffman-Weeks equation analysis. The freezing crystallization temperature (T fc ) for the nonisothermal crystallization on the cooling process, and the spherulitic growth and overall crystallization rates of PCL for the isothermal crystallization were depressed with the addition of B-m component, attributing it to the dilution of PCL concentration due to the addition of B-m.
Introduction
Polybenzoxazines (PBZs) are a novel class of thermosetting polymers that possess many physical properties that are superior to those of traditional polymers, such as epoxy and phenolic resins. PBZs can be prepared by the Mannich condensation of phenol, formaldehyde, and primary amines [1] . In addition, PBZs can be cured in the absence of a strong acid catalyst and do not produce byproducts during their polymerization. PBZs offer a superb balance of mechanical and physical properties, including low water uptake, near-zero shrinkage, and high thermal stability [2] [3] [4] [5] [6] , but they tend to be brittle, which is common for phenolic materials, and this feature limits their applications. Therefore, the flexural and impact properties of these resins are expected to improve upon the incorporation of a component having a low glass transition temperature (T g ). Poly(-caprolactone) (PCL) is a crystalline polymer that exhibits a very low T g (-60 °C) . PCL is miscible with many polymers, including poly(4-vinyl phenol) (PVPh) [7] , poly(benzyl methacrylate) (PBMA) [8] , and novolac [9] , because the carbonyl groups of PCL can form intermolecular hydrogen bonds with the hydroxyl groups of the second polymer. Because PBZ contains many hydroxyl groups on its main chain after thermal curing, it is anticipated that PBZ may be miscible with PCL as a consequence of intermolecular hydrogen bonding; this situation will contribute to the improved stiffness of the main chain and lead to a range of other favorable properties. Ishida and Lee [10] studied polymer blends of PBZ (B-a type (i.e. a-aniline)) and PCL and found evidence from FTIR spectra for hydrogen bond formation between the hydroxyl groups of PBZ and the carbonyl groups of PCL. In addition, these blends displayed improved mechanical properties when compared to those of pure PBZ. Recently, Zheng et al. [11] reported that prior to curing, benzoxazine (B-a type)/PCL blends are miscible, as evidenced by the behavior of their single and composition-dependant glass transition temperatures and equilibrium melting temperature depressions, but they observed phase separation induced by polymerization after curing at an elevated temperature. Because the physical properties of polymer blends are influenced strongly by the blending conditions and processes that, in turn, affect the level of mixing of the blends, there is a growing interest in studying the miscibility and phase behavior of polymer blends. In this study we prepared PCL/B-m blends by solution blending of PCL and benzoxazine resin (B-m (i.e. m-methylamine)). Since PCL is a crystalline polymer, its physical properties are expected to depend strongly on its crystalline morphology, which can be controlled by the crystallization kinetics. Blending the PCL with the other polymers is an effective way for tuning the crystalline morphology. The B-m is used to blend with PCL as a crystalline/amorphous system.
Crystallization kinetics of melt-miscible blends of crystalline and amorphous polymers has been extensively studied [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . When crystallization occurs below the melting point of the crystalline component, the process involves two types of polymer transport, namely, diffusion of the crystallizable component toward the crystal growth front and a simultaneous rejection of the amorphous component. This crystallization process produces a liquid-solid phase separation, leading to a variety of morphological patterns closely governed by the kinetics of the two types of polymer transport. In this case, the morphological formation may be kinetically controlled by the thermal history and composition to achieve tailor-made properties for the blends. Therefore, investigation of the crystallization kinetics of polymer blends containing crystallizable components also has practical significance.
In this study, we present our results obtained on the phase behavior and crystallization kinetics for the blends of PCL and B-m. It will be shown that this systems exhibits miscibility. Further, it will be demonstrated that the addition of B-m to PCL will result in a decrease in both the spherulitic growth and overall crystallization rates.
Results and discussion

Miscibility
In general, the miscibility of polymer blends can be determined by thermal characterization. The blends are a miscible system on which a single glass intermediate between those of the two blended polymers is measured. Figure 1 shows the composition dependence of the glass transition temperature (T g ). The T g s of neat PCL and B-m were -59. The T g -composition relation can be expressed well by the theoretical Fox equation [27] where T g,blend , T g,PCL and T g,B-m are T g s of blend, PCL, and B-m, respectively, while w PCL and w B-m are the weight fraction of PCL and B-m. It is noticed that the measured T g was higher than the calculated T g from the Fox equation, meaning that the PCL/ Bm blends were completely miscible over the entire compositions and there exists a strong intermolecular interaction between PCL and B-m molecules. This result is similar to that of B-a/PCL blends as studied by Zheng et al. [11] .
The miscibility of polymer blends with one crystalline polymer can be determined by melting point depression. Thermodynamic considerations predicted that the chemical potential of a polymer would be decreased by the addition of a miscible diluent. If one polymer is crystallizable, its decrease in chemical potential will result in a decreased equilibrium melting point (T°m). The Hoffman-Weeks equation [28] the melt state. This result is also similar to that of B-a/PCL blends as studied by Zheng et al. [11] . Figure 4 , an obvious crystallization exothermic peak can be observed as the PCL composition is above 60 wt%. It is found that both T fc and its exotherm (H fc ) values were depressed with increasing B-m composition. This further supports the miscibility between PCL and B-m molecules in the melt. 
Spherulitic Morphology
The spherulitic morphology of crystalline polymers can be observed conveniently by POM. Figure 5 shows the spherulitic structures of neat PCL and PCL/B-m blends crystallized at T c =35 o C. A compact Maltese-cross texture of spherulitic morphology is observed for the neat PCL, while the spherulites in blends became coarser. In addition, the mean size of spherulities decreased with increasing B-m composition, implying a nucleating effect could be promoted by the addition of B-m content. The observed spherulies in blends were volume-filling and no apparent evidence of liquidliquid phase separation was observed up to impingement of the spherulitic structures, indicating that the B-m molecules were segregated into interlamellar or interfibrlillar regions of PCL during PCL crystallization.
Spherulitic Growth
The spherulitic radial growth rates (G) of neat PCL and PCL/B-m blends were determined by measuring the spherulitic radii R at various time periods during isothermal crystallization. For each composition studied, R was observed to increase linearly with time up to the point of impingement, indicating a constant growth rate throughout the crystallization process. The linearity of R implies that B-m component, which is segregated away from crystal growth front, does not accumulate at the spherulitic growth front, but should be trapped within the interlamellar or interfibrillar regions in the growing spherulites. Figure 6 depicts the crystallization temperature (T c ) depedence of spherulite growth rate (G) at each blend composition. It is observed that G decreased remarkably with increasing B-m composition at a given T c . Such a dramatic reduction in growth rate has been widely observed in blends [29] [30] [31] with an amorphous polymer with a higher-T g , which has been attributed to the decrease of molecular mobility and the dilution of the crystalline component. However, the depression of equilibrium melting point due to segmental miscibility may also contribute to the reduction of crystallization kinetics in miscible polymer blends. Such 
Overall Crystallization Kinetics
It is well known that the overall crystallization rate is determined by both the nucleation and growth rates. Figure 7 displays the crystallization exotherm dependence on crystallization time at T c =35 o C. It is observed that the exothermic peak shifted to larger amount of time and the height in the peak depressed with increasing B-m. Figure 8 shows the temporal development of X(t) of each blend composition. It can be seen that the crystallization isotherms displayed the characteristic sigmoidal shape. Furthermore, the initial slope of the isotherms decreased with increasing B-m, indicating a progressively slower crystallization rate. This means that the presence of B-m would strongly retard the overall crystallization kinetics of PCL. The half-time of crystallization, t 0.5 defined as the time required to attain half of the final crystallinity, was evaluated from these curves. The overall crystallization rate can be represented by 1/t 0.5 . Figure 9 displays the dependence of log1/t 0.5 on w B-m composition. It is clearly observed that the overall crystallization rate (1/t 0.5 ) decreased with increasing B-m, which was primarily attributed to the reduction of molecular mobility arising from the increase of T g and the dilution of PCL upon blending with B-m content.
To obtain further details concerning the overall crystallization kinetics of neat PCL and PCL/B-m blends, the kinetics of the overall crystallization of each sample was further analyzed on the basis of the Avrami equation [32] [33] [34] 
ln{-ln[1-X(t)]} = ln k + n ln t (3)
where k is the overall crystallization rate constant containing contributions from both nucleation and growth rate, and n is the Avrami exponent which depends on the Similar to the values reported for blends [35] [36] [37] [38] [39] , all the values of n obtained were between 2~3. Such values of n were suggested to be due to the existence of mixed growth, surface nucleation, and two-step crystallization. Grenier et al. [40] have also ascribed the observed n to the experimental factors such as an erroneous determination of the "zero" time. However, although all n values of the studied samples were lower than three, these results may roughly confirm a threedimensional (spherulitic) growth process initiated by heterogeneous nucleation, which was consistent with the observed spherulitic morphology by POM in Figure 5 . The rate constant defined Equation (3) has a unit of min -n
. In this study, we modified the rate constant as k n = k 1/n . The modification is introduced to unify the unit of the rate constant as min -1 . Figure 11 depicts the dependence of log k n on w B-m composition. The trend of log k n was quiet similar to that of log 1/t 0.5 in Figure 9 . This further illustrates the crystallization rate depressed with increasing B-m composition. It should be noted that k n contains a contribution from both nucleation and growth rates.
Conclusions
The miscibility and crystallization kinetics of PCL/B-m blends have been investigated by DSC and POM. The single glass transition temperatures of the blends within the whole composition range suggest that PCL/B-m blends were totally miscible in the melt. The spherulitic morphologies of PCL/B-m blends indicated that B-m was predominantly segregated into PCL interlamellar and/or interfibrillar regions after PCL crystallization. The spherulitic growth and overall crystallization rates were depressed upon blending with B-m. The depression in the spherulitic growth rate and the overall crystallization rates of PCL could be mainly attributed to the reduction of PCL chain mobility and dilution of PCL upon mixing with B-m. The underlying nucleation mechanism and growth geometry of PCL crystals were not affected by blending, from the results of Avrami analysis.
Experimental
Materials and Samples Preparation
A sample of PCL having a number-average molecular weight of 10,000 was purchased from Fluka Chemical Co. Bisphenol-A, formaldehyde, and methylamine were purchased from Aldrich Chemical Co. and were used without further purification. Benzoxazine (B-m type (i.e. m-methylamine)) was synthesized from bisphenol-A, formaldehyde, and methylamine according to the procedure presented in Scheme 1 [1] . Aqueous formaldehyde solution (0.4 mol) and dioxane (50 mL) were fed into a three-necked flask under a nitrogen flow and then cooled in an ice bath for 10 min. Methylamine (0.2 mol) dissolved in dioxane (20 mL) was then added slowly into the reactor using a dropping funnel. The mixture was stirred continuously for 20 min before a solution of bisphenol-A (0.1 mol) in dioxane (80 mL) was added. The reaction temperature was raised to 90 °C; the mixture was then heated under reflux for 5 h. The solvent was evaporated under reduced pressure to yield a yellow solid. This crude product was dissolved in ethyl ether and washed three times sequentially with 2 N NaOH and water to remove any impurities and unreacted monomers. The ether solution was dried (MgSO 4 ) and then the solvent was evaporated under reduced pressure. The product was obtained as a pale-yellow viscous fluid. A series of PCL/B-m blends of designated weight composition ratios (i.e. 100/0, 90/10, 80/20…, 0/100) were prepared by solution blending. The polymer mixture was dissolved and stirred in tetrahydrofuran (THF) and then the solution was left to evaporate slowly at 50 °C for 1 day.
Polarized optical microscopy
The spherulitic morphology and growth were monitored with a Zeiss polarized optical microscope. The sample with a proper thickness (in the range of 50m to 100 m) was first sandwiched and melted between two cover glass slices on a Linkam HFS91 hot stage at 80 0 C for 2 minutes, and then quickly transferred to another hot stage equilibrated at the desired crystallization temperature (T c ), where the spherulitic growth was monitored. Micrographs were taken at intervals for measuring the spherulite radii (R) at various time periods. The growth rate was calculated from the change of spherulitic radius with time, dR/dt.
Differential Scanning Calorimetry
Differential scanning calorimetry was performed with a METTLER TOLEDO DSC822 e differential scanning calorimeter (DSC), which was calibrated with Indium prior to use. The sample was heated to 80 0 C for 2 min, and then quickly quenched with liquid nitrogen. Subsequently, the glass transition temperature (T g ) was measured by reheating the sample from -100 0 C to 80 0 C at a heating rate of 20 0 C /min on DSC. For the Hoffman-Weeks plots, the sample was heated to 80 °C for 2 minutes and then quenched to the desired crystallization temperature (T c ) crystallized for 3 h. Subsequently, T m was measured at a heating rate of 20 0 C /min. In the isothermal crystallization experiments for Avrami equation analysis, the sample was first melted on a Linkam HFS91 hot stage at 80 o C for 2 min and then rapidly transferred into DSC equilibrated to pre-fixed T c to allow crystallization. The isothermal crystallization exotherm and the temporal development of crystallization exotherm were recorded; these data would later be analyzed according to the usual procedure of evaluating the relative degree of crystallinity, X(t):
where the numerator represents the area of isotherms accumulated as of time t and the denominator is the total exotherm area. 
